ance, and branching (Ng et al., 2002). Here we address how Rho GTPases are linked to the actin cytoskeletal machinery during axon growth. We find that cofilin regulation is a critical step.
Thus, axon growth requires cofilin cell-autonomously. medial branch, whereas each ␥ neuron has only a medial branch ( Figure 1A ). All axons terminate either medially When examined at a higher magnification, tsr Ϫ/Ϫ axons exhibited characteristic morphological defects. In conat the proximity of the midline (for medial projections) or close to the anterior dorsal cortex (for dorsal projections) trast to the relatively uniform axon shafts and terminals in wild-type neurons ( Figure 1J ), most tsr Ϫ/Ϫ axons dis-( Figure 1C) .
To analyze the functions of candidate genes, we used played multiple small protrusions and swellings along the shaft and at the terminal ( Figure 1K ), reminiscent the MARCM system (Lee and Luo, 1999) to generate wild-type or homozygous mutant single-cell or neuroof filopodia and lamellipodia normally associated with developing growth cones. These observations are conblast clones that are positively labeled ( Figure 1B ). Neuroblast clones allow us to examine the gross behavior sistent with the idea that actin depolymerization is required to turn over transient growth cone filopodia and of a large clone of mutant neurons and to assess the role of a given gene in cell proliferation, whereas singlelamellipodia during axon growth and that loss of such turnover results in growth defects. cell clones enable finer resolution of axon morphology of mutant neurons.
We also tested the role of tsr in MB ␣/␤ neurons by generating neuroblast clones that contain only ␣/␤ neurons ( Figure 1A ). Wild-type ␣/␤ neurons typically exCofilin/Twinstar Is Required for MB Neuroblast Proliferation and Axon Growth tended dorsal and medial projections that end at the midline and dorsal cortex ( Figure 1L , n Ͼ 10). In contrast, We have previously shown that the Rho GTPases are essential in regulating the morphogenesis of MB neumost tsr Ϫ/Ϫ ␣/␤ axons failed to extend fully to the midline or to the dorsal cortex ( Figure 1M, 4 , 1996) . To test whether cofilin phosphorylation plays 1D, n ϭ 8 for both alleles). This cell proliferation defect is consistent with previous findings that tsr is essential an essential role in vivo, we generated transgenic flies that express wild-type, S3A, or S3E forms of cofilin under for cytokinesis in the Drosophila brain (Gunsalus et al., 1995) . the control of the GAL4-UAS expression system (Brand and Perrimon, 1993). Overexpression of these transIn addition to cell proliferation defects, tsr Ϫ/Ϫ neuroblast clones also exhibited severe axon growth defects, genes in wild-type MB neurons did not result in gross axon or cell proliferation defects (data not shown). as a majority of mutant neurons failed to extend their axons beyond the peduncle ( Figure 1D , open arrowThen, using the MARCM system, we performed transgenic rescue experiments by expressing wild-type, S3A, head). To study axon growth at a higher resolution, we analyzed tsr Figure 1A ) were generated in these neuroblast clones S3E cofilin in tsr Ϫ/Ϫ neurons. We found that coexpression of S3E and S3A cofilin did not rescue tsr Ϫ/Ϫ phenotypes ( Figure 2B ). This is consistent with the reduced neuronal numbers from these clones when compared to the wildto wild-type rescue levels for cell proliferation ( Figure  2D , compared with Figure 2B ) or axon growth (Figure type rescue. Overexpression of S3E cofilin (UAS-tsr S3E) had no rescue effect on neuroblast proliferation, as the 2E). This suggests that unphosphorylatable and phosphomimetic cofilins acting in trans cannot fully restore cell numbers in these neuroblast clones remained 15 to 30 ( Figure 2C) Figure 3A) . In "severe" cases (approxi-3O), indicating that Ssh regulates axon growth in these neurons cell-autonomously in a phosphatase-depenmately 10%), ssh Ϫ/Ϫ axons failed to extend beyond the peduncle (blue open arrowhead in Figure 3B ). Guidance dent manner. Furthermore, expression of active cofilin also suppressed these ssh growth defects ( Figure 3O ). defects were also detected either at the peduncle, where a large accumulation of axons led to the disorganization Therefore, cofilin dephosphorylation by Ssh most likely plays a general role in axon growth of many neuronal of the peduncle, or from the dendrite region (red arrows, Figure 3B ). Approximately 90% of ssh Ϫ/Ϫ neuroblast types. clones exhibited only axon growth defects ( Figure 3A ), which were categorized as "strong" ( Figure 3C pressed LIMK1 in all MB neurons, which resulted in We did not detect obvious axon growth defects in axon growth defects (Figures 4A-4C and 4E). In "severe" ssh Ϫ/Ϫ single-cell ␥ clones (data not shown). This is poscases, all axon lobes were truncated. In addition, there sibly because axon growth is more sensitive to tsr than were axon guidance defects at the peduncle, where to ssh mutations or because of perdurance effects (alaxons formed a ball-like structure ( Figure 4A ). In cases though homozygous mutant for the ssh mutation, clones of "strong" phenotypes, no guidance defects were demay inherit enough wild-type protein or mRNA from hettected, but both dorsal and medial axons were truncated erozygous parental neural precursors to support Ssh ( Figure 4B ). In cases of "weak" phenotypes, axon growth function for some time after clone generation). To comdefects were detected only in the dorsal lobes, while pare mutant phenotypes of ssh and tsr in axon growth, the medial lobes appeared normal ( Figure 4C ). The exwe also analyzed ssh The similarities between the ssh Ϫ/Ϫ and LIMK1 overexpression phenotypes suggest that LIMK1 and Ssh exert To determine whether regulation of cofilin by Ssh is required for axon growth in other neurons, we also extheir effects by regulating a common substrate, cofilin. To genetically test whether LIMK1 overexpression leads amined ssh Ϫ/Ϫ axon projections of contralateral projecting neurons of the optic lobe (OL) and the antennal to the inactivation of cofilin through phosphorylation, we coexpressed either Ssh or cofilin in a LIMK1 overexlobe (AL) ( Figure 3J) . In both cases, we found highly penetrant axon growth phenotypes in ssh Ϫ/Ϫ neuroblast pression background. We focused our experiments on the transgenic line UAS-LIMK1 WT F4, which has an clones ( Figures 3L and 3N Figures 5A and 5B, respectively) . Taken together with known biochemical activities of these signaling components, our genetic interaction data suggest that Rho1 activates Rok, which then directly activates LIMK1. In turn, this pathway is likely to be regulated positively by at least two RhoGEFs (RhoGEF2 and Pbl) and negatively by p190 RhoGAP in MB neurons in vivo (Figure 8) .
While LIMK1 overexpression in MB neurons provides a sensitive assay for genetic interactions, we also tested our model using endogenous components. According to the model, overexpression of LIMK1 results in cofilin hyperphosphorylation, which is phenocopied in ssh mutants. Therefore, modulating the level of Rho1 signaling should also modify the ssh Ϫ/Ϫ phenotype in a similar manner. Indeed, we found that loss of one copy of either Rho1 or RhoGEF2 also markedly suppressed the ssh phenotype ( Figure 6C ). These experiments suggest that One interpretation of these results is that, while Rac Sif activates the pathway that acts antagonistically to can activate LIMK1 (via Pak), there is an alternative path-LIMK1 (Figure 8 ). way downstream of Rac, acting antagonistically to LIMK1, that promotes axon growth. This is consistent with our previous finding that loss of Rac GTPase activity Lack of Evidence that the Rac-Mediated Axon Growth-Promoting Pathway Acts leads to axon growth defects in MB neurons ). This pathway is likely to be Pak independent, as through Actin Polymerization Our data suggest that Rac promotes axon growth via a the Rac axon growth-promoting activity does not require direct binding to Pak (Ng et al., 2002) , and Pak activation pathway antagonistic to Pak and LIMK1. How does this pathway ("X" in Figure 8 ) act to promote axon growth? leads to axon growth inhibition ( Figure 6B ). To further verify the existence of a Pak-independent pathway in reguOne strong possibility is that Rac stimulates actin polymerization to promote axon growth. We therefore tested lating axon growth, we made use of a well-described Rac1 a number of candidate genes known to promote actin Discussion polymerization. We established the following genetic criteria by which these candidate pathways should Using Drosophila mushroom body neurons as a genetic work. First, like Rac, loss of the candidate gene should model, we have characterized several signaling pathresult in axon growth defects. Second, genetic interacways through which Rho GTPases regulate axon growth tions with LIMK1, either through loss-or gain-of-funcin vivo (Figure 8) . We discuss here new insights obtained tion analyses, should show that they act antagonistically from these genetic analyses. to LIMK1.
We first tested the role of the actin nucleation factor Cofilin Is Essential for Axon Growth SCAR-Arp2/3 complex. Rac has been shown to promote Actin polymerization at the leading edge is generally de novo actin polymerization through interactions via thought to provide the driving force for membrane pro-SCAR and the Arp2/3 complex (Eden et al., 2002) ( Figure 8 ) and that in vivo the factors that regulate cofilin be a key regulator. We did not detect cell proliferation defects in ssh Ϫ/Ϫ neuroblast clones or in LIMK1-overexphosphorylation must act in a delicate balance to optimize axon growth during development. Second, we pressing neurons, in contrast to tsr Ϫ/Ϫ clones. It is unlikely that cell proliferation is less sensitive to the reducshowed that loss of Ssh also results in axon growth defects, and these defects can be suppressed by the tion of cofilin activity than is axon growth. On the contrary, neuroblast clones homozygous for a hypomorexpression of active cofilin, demonstrating that the major function of Ssh in regulating axon growth is cofilin phic allele of tsr (tsr 1 ) have strong defects in cell proliferation, but no defects in axon growth (data not shown). dephosphorylation. Third, we showed that LIMK overexpression results in axon growth defects analogous to Taken together, these data suggest that cofilin phosphorylation during cell proliferation is regulated by a ssh, and this phenotype can be suppressed by the coexpression of Ssh or active cofilin. Taken together with set of kinases/phosphatases different from those that regulate axon growth. existing biochemical data, these results firmly establish that regulation of cofilin phosphorylation by Ssh phosphatase and LIMK plays a pivotal role in regulating axon
Convergent and Divergent Pathways Downstream of Rho GTPases growth in vivo.
Although cofilin phosphorylation is essential for neuOur genetic analyses showed that Rho, Cdc42, and Rac all contribute to activation of the LIMK1 pathway, which roblast proliferation, neither LIMK nor Ssh appears to the Pak/LIMK/cofilin phosphorylation pathway or the alternative axon growth-promoting pathway, resulting in different developmental outcomes. Our finding that two RacGEFs have opposite effects in modifying LIMK activity suggests that the selection of these pathways could be achieved by selectively engaging different GEFs. How RacGEFs selectively couple to different downstream effector pathways remains to be determined by future experiments.
Rac activation stimulates actin polymerization and leads to cell protrusions via lamellipodia formation (Machesky and Hall, 1997). However, our testing of several major classes of actin polymerization stimulators did not provide evidence that Rac promotes axon growth through the actin polymerization pathway. For instance, the SCAR-Arp2/3 pathway essential for de novo actin polymerization does not appear to contribute to MB axon growth in vivo. This is consistent with a recent study suggesting that the Arp2/3 pathway is also not essential for axon growth in cultured neurons (Strasser et al., 2004) . Although the anticapping protein Enabled is essential for MB axon growth, genetic interaction data 
